Introduction
============

Lung cancer is one of the leading causes of mortality and morbidity globally, and is one of the types of cancer with the lowest survival rates ([@b1-ol-0-0-9035],[@b2-ol-0-0-9035]). Lung cancer has a poor prognosis with a 5-year survival rate of \<15% ([@b3-ol-0-0-9035]). Although novel therapeutic strategies have emerged ([@b4-ol-0-0-9035],[@b5-ol-0-0-9035]), radiotherapy is still one of the most effective treatments for lung cancer ([@b6-ol-0-0-9035],[@b7-ol-0-0-9035]).

As an important treatment for cancer, radiation may inhibit tumor growth, promote tumor cell apoptosis and prolong patient survival time; however, local or metastatic recurrences remain impediments to overall survival ([@b8-ol-0-0-9035],[@b9-ol-0-0-9035]). Additionally, radiation resistance is another obstacle for radiotherapy ([@b10-ol-0-0-9035]). Radiation activates a number of signals, including nuclear factor-κB and signal transducer and activator of transcription 3 to induce radiation resistance ([@b11-ol-0-0-9035],[@b12-ol-0-0-9035]). Furthermore, it has been reported that radiation may promote cancer metastasis; for example, Guerra *et al* demonstrated that irradiated patients developed a higher rate of invasive recurrences compared with non-irradiated patients ([@b13-ol-0-0-9035]). Additionally, previous studies have revealed that radiation promotes the invasion and migration of numerous tumor cells, including glioma cells ([@b14-ol-0-0-9035]), hepatocellular cancer cells ([@b15-ol-0-0-9035]) and breast cancer cells ([@b16-ol-0-0-9035]). Radiation is reported to induce invasion by upregulating matrix metalloproteinases (MMPs) in pancreatic cancer cells ([@b17-ol-0-0-9035]) and glioblastoma cells ([@b14-ol-0-0-9035]). Therefore, effective strategies are required to increase radiation sensitivity in cancer cells and intercept radiation-induced cell migration and invasion. However, the underlying mechanisms of radiation resistance and radiation-induced cell migration and invasion are not fully understood.

Specificity protein 1 (Sp1) is a ubiquitously-expressed transcription factor that is overexpressed in a number of cancer subtypes ([@b18-ol-0-0-9035]--[@b20-ol-0-0-9035]). Sp1 is involved in cell proliferation ([@b21-ol-0-0-9035]), cell migration and invasion ([@b18-ol-0-0-9035]) and apoptosis ([@b22-ol-0-0-9035]). Sp1 is reported to regulate target gene transcription by binding to the GC-rich sequence in the promoter region ([@b23-ol-0-0-9035]). Numerous mechanisms have been reported to regulate the DNA binding of Sp1 ([@b24-ol-0-0-9035],[@b25-ol-0-0-9035]). For example, cyclin-dependent kinase (CDK)II increases the DNA-binding activity of Sp1 by phosphorylating Sp1 at Ser59 ([@b24-ol-0-0-9035]) and CDKI decreases the DNA-binding activity of Sp1 by phosphorylating Sp1 at Thr739 ([@b25-ol-0-0-9035]).

Cyclooxygenase-2 (COX-2) is an enzyme that converts arachidonic acid into prostaglandins ([@b26-ol-0-0-9035]). It is overexpressed in numerous tumors ([@b27-ol-0-0-9035]--[@b29-ol-0-0-9035]) and acts on a number of signaling pathways involved in cell proliferation, apoptosis, migration and invasion. Therefore, COX-2 is a potential target for cancer chemotherapy ([@b30-ol-0-0-9035],[@b31-ol-0-0-9035]).

The present study demonstrated that a COX-2 inhibitor, celecoxib, induced apoptosis as well as antagonized cell migration and invasion by inhibiting the expression level and DNA-binding ability of Sp1 in radiation-resistant lung cancer cells.

Materials and methods
=====================

### Cell culture

NCl-H1650 cells, purchased from American Type Culture Collection (Manassas, VA, USA), were incubated in RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C in an atmosphere containing 5% CO~2~.

### Antibodies, reagents and small interfering (si)RNA

The MMP-2 (cat. no. 40994), MMP-9 (cat. no. 13667), t-JNK (cat. no. 9252), p-JNK (cat. no. 9255), anti-IgG antibodies (cat. no. 14708) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The β-actin (sc-58673) and B cell lymphoma-2 (Bcl-2; sc-509) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA) and the Sp1 antibody was purchased from Merck KGaA (Darmstadt, Germany). Secondary rat antibody conjugated with horseradish peroxidase (cat. no. A0208) was purchased from Biyuntian Biotechnology (Biyuntian, Beijing, China). Celecoxib (cat. no. S1261) and anisomycin (cat. no. S7409) were purchased from Selleck Chemicals (Houston, TX, USA). The small interfering (si)RNA for Sp1, 5′-UGUAGAGUCUGCCAACUGACCUGUC-3′, was purchased from Santa Cruz Biotechnology, Inc. The scramble siRNA, 5′-UAGUGCUUACGCAGUUGCUAGACCC-3′, was synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China).

### siRNA transfection

NCL-H1650 or NCL-H1650R cells were plated into six-well plates at 1×10^6^/well. After the cells reached 95% confluence, they were transfected with or 100 nmol small interfering RNA (siRNA) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. The cells were cultured in RPMI-1640 medium supplemented with 10% FBS at 37°C in an atmosphere containing 5% CO~2~. The cells were harvested 48 h after transfection.

### Identification of radiation-resistant lung cancer cells

The NCl-H1650 cells were exposed to 4 Gy 60Co radiation (dose rate was 2.5 Gy/min) and dead cells were removed every day until the surge of apoptosis had ceased, for one week. The remaining cells were then exposed to 4 Gy 60Co radiation again and any dead cells were removed. The aforementioned procedures were repeated until there was no apoptosis surge observed following exposure to radiation. The duration of this total process was \~3 months. The radiation-resistant cells were subsequently referred to as NCl-H1650R cells.

### Treatment with radiation

NCL-H1650 cells and NCL-H1650R cells were seeded in 6-well plates at 5×10^4^/well and cultured in RPMI-1640 medium supplemented with 10% FBS at 37°C in an atmosphere containing 5% CO~2~. After 24 h, both cell types were treated with 8 Gy 60Co. The cells were cultured for another 24 h at 37°C, 5% CO~2~; the cell proliferation apoptosis was detected.

### Treatment with celecoxib, SP600125 or anisomycin

Celecoxib was diluted in dimethyl sulfoxide (DMSO; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) to produce 0, 20, 40 and 80 µM dilutions of celecoxib. SP600125 (Sigma-Aldrich; Merck KGaA) was diluted in DMSO (Sigma-Aldrich; Merck KGaA) to make a 20 µM SP600125. Anisomycin (Sigma-Aldrich; Merck KGaA) was diluted in DMSO (Sigma-Aldrich; Merck KGaA) to make a 20 nM dilution. NCL-H1650 cells and NCL-H1650R cells were seeded in 6-well plates at 5×10^4^/well and cultured in RPMI-1640 medium supplemented with 10% FBS at 37°C in an atmosphere containing 5% CO~2~. After the cells were cultured for 24 h, celecoxib, SP 600125, *anisomycin* or the vehicle of DMSO were added. The cells were cultured for another 24 h at 37°C, 5% CO~2~. The cells were then subject to other treatments, including protein extraction or 60Co exposure as described below.

### Assessment of cell apoptosis

NCL-H1650 and NCL-H1650R cells were washed with PBS three times and then fixed with 95% ethanol for 5 min at room temperature and stained with 5 mg/ml DAPI for 3 min at room temperature. The cells were then washed with PBS and examined under a fluorescence microscope (magnification, ×20, Nikon Corporation, Tokyo, Japan) at a wavelength of 385 nm. The cells with nuclear condensation and fragmentation were identified as apoptotic cells. The apoptotic cells were counted within five randomly selected fields. The rate of apoptotic cells was presented as the mean ± standard deviation (SD).

### Transwell assays

For migration assays, NCL-H1650 and NCL-H1650R cells were seeded in the upper chambers at 10^5^ cells/well in serum-free RPMI-1640 medium, while the lower chambers contained the culture medium supplemented with 10% FBS. The cells were incubated for 12 h at 37°C in an atmosphere containing 5% CO~2~. Subsequently, the cells on the top surface of the membrane were removed and the cells on the bottom surface of the membrane were fixed with 4% paraformaldehyde for 10 min and stained with 0.01% crystal violet for 5 min at room temperature. The cells on the bottom surface of the membrane were then examined under a light microscope (Nikon Corporation), counted and averaged by the number within six randomly selected fields, magnification, ×20. For the Transwell invasion assay, the upper chambers were coated with 20 µg Matrigel (Sigma-Aldrich; Merck KGaA) to seeding of the NCL-H1650 and NCL-H1650R cells. The medium used and the time and temperature of incubation were the same as the migration assay.

### Western blotting

Cells were lysed with the RIPA lysis buffer (Merck KGaA) at room temperature for 30 min, and then the lysates were centrifuged at 12,000 × g 4°C for 30 min. Following centrifugation, the supernatant was collected. Protein concentrations were evaluated by BCA protein assay. Subsequently, 20 µg protein per lane was used for 10% SDS-PAGE electrophoresis and transferred onto a nitrocellulose membrane (Merck KGaA). The membrane was blocked with 5% fat-free milk in TBS Tween 20 (TBST) for 1 h at room temperature and then incubated with primary antibodies (1:1,000 diluted in 5% fat-free milk) for 16 h at 4°C. The membrane was washed with TBST three times and then incubated with secondary goat anti-rat IgG antibody conjugated with horseradish peroxidase (1:10,000 diluted in TBST) for 1 h at room temperature. Following washing with TBST, the membrane was visualized with Beyo ECL plus reagents (Biyuntian, Beijing, China). Protein expression levels were quantified with Image J 1.48 software (National Institutes of Health, Bethesda, MD, USA). Data were presented as the mean ± SD of three independent experiments.

### Chromatin immunoprecipitation assay (ChIP)

The ChIP assay was performed using a ChIP assay kit (Upstate Biotechnology, Inc., Lake Placid, NY, USA). Briefly, NCl-H1650R cells were cross-linked with 1% formaldehyde at room temperature for 10 min. The chromatin was sonicated into fragments ranging between 200--1,000 base pairs using an Ultrasonic Processor (Toshiba Corporation, Tokyo, Japan) at 4°C for 10 min and was subsequently pulled down using Sp1 antibodies or the anti-IgG antibody, which were 1:100 diluted in SDS lysis buffer (Beijing Pulilai Gene Technology Co., Ltd., Beijing, China) at room temperature for 1 h. Then the polymerase chain reaction (PCR) amplification was performed to detect the binding DNA fragment. DNA polymerase was purchased form Promega Corporation (Madison, WI, USA) The primers used for amplifying the fragments of the MMP-2 promoter containing the Sp1-binding site were adopted from a previous study ([@b32-ol-0-0-9035]) and were as follows: Sense, 5′-GTCCTGGCAATCCCTTTG-3′ and antisense, 5′-GGGGAAAAGAGGTGGAGAAA-3′. PCR reaction step was as follows: Initial denaturation (95°C, 5 min); and Reaction \[denaturation (95°C, 1 min), annealing (55°C, 1 min), extension (72°C, 30 sec)\] for 30 cycles). PCR reaction was performed in Eppendorf Mastercycler nexus (Eppendorf, Hamburg, Germany). The PCR products were analyzed on 1.5% agarose gel. The densitometry of the bands was evaluated with Image J 1.48 software. Data were presented as the mean ± SD of three independent experiments.

### Statistical analysis

Statistical analysis was performed using SPSS v11.5 for Windows (SPSS, Inc., Chicago, IL, USA). All data were presented as the mean ± SD. The intergroup comparison was performed by using single-factor analysis of variance. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Radiation-resistant lung cancer cells revealed high potential for radiation resistance, cell migration and cell invasion

The present study we selected radiation-resistant cells from the NCl-H1650 cell lines using discontinuous 4 Gy 60Co, referred to as NCl-H1650R. To investigate whether NCL-H1650R cells were more resistant than NCL-H1650 cells, NCl-H1650 cells and NCL-H1650R cells were exposed to radiation (8 Gy60Co) and subsequently cultured for 24 h. Radiation significantly induced apoptosis and inhibited cell proliferation in NCl-H1650 cells; however, NCl-H1650R cells demonstrated only slight induction of apoptosis and inhibition of cell proliferation ([Fig. 1A and B](#f1-ol-0-0-9035){ref-type="fig"}). The present study further investigated whether migration and invasion differed in NCl-H1650R cells compared with their parental cells. As presented in [Fig. 1C](#f1-ol-0-0-9035){ref-type="fig"}, NCl-H1650R cells had higher migration and invasion abilities compared with NCl-H1650 cells.

### COX-2 selective inhibitor celecoxib induced apoptosis and inhibition of cell migration and invasion in radiation-resistant lung cancer cells

COX-2 inhibitors have previously been reported to induce radiation sensitivity ([@b33-ol-0-0-9035]); therefore, the present study investigated whether the COX-2 inhibitor, celecoxib, induced radiation sensitivity and inhibited cell migration and invasion in radiation-resistant cells. NCl-H1650R cells were treated with celecoxib, which were subsequently exposed to 8 Gy60Co radiation and then cultured for 24 h. Celecoxib inhibited cell proliferation and induced apoptosis in NCl-H1650R cells ([Fig. 2A](#f2-ol-0-0-9035){ref-type="fig"}). Furthermore, when treated with celecoxib and radiation, these cells revealed significantly higher rates of apoptosis compared with the other groups. The present study also observed that celecoxib treatment significantly inhibited NCl-H1650R cell migration and invasion ([Fig. 2B](#f2-ol-0-0-9035){ref-type="fig"}).

### Sp1 overexpression was responsible for radiation resistance and the high potential of cell migration and invasion in radiation-resistant lung cancer cells

It has previously been reported that Sp1 was involved in numerous cell processes, including cell proliferation ([@b21-ol-0-0-9035]), migration and invasion ([@b18-ol-0-0-9035]) and apoptosis ([@b22-ol-0-0-9035]), thus the present study investigated whether Sp1was responsible for radiation resistance and the increased cell migration and invasion in radiation-resistant lung cancer cells. As presented in [Fig. 3A](#f3-ol-0-0-9035){ref-type="fig"}, Sp1 was overexpressed in NC1-H1650R cells compared with NC1-H1650 cells, and this was associated with an upregulation of MMP-2, MMP-9 and Bcl-2 compared with NCl-H1650 cells. Subsequently, the present study knocked-down Sp1 in NCl-H1650R cells with Sp1 siRNA. Knockdown of Sp1 resulted in the downregulation of MMP-2, MMP-9 and Bcl-2 ([Fig. 3B](#f3-ol-0-0-9035){ref-type="fig"}). Furthermore, a combination of the knockdown of Sp1 and radiation exposure significantly induced cell apoptosis in NCl-H1650R cells ([Fig. 3C](#f3-ol-0-0-9035){ref-type="fig"}). Additionally, the present study revealed that the knockdown of Sp1 inhibited cell migration and invasion in NCl-H1650R cells ([Fig. 3D](#f3-ol-0-0-9035){ref-type="fig"}).

### Celecoxib inhibited expression and DNA-binding of Sp1

In order to confirm whether Sp1 was responsible for celecoxib-induced cell apoptosis and inhibition of cell migration and invasion in radiation-resistant cancer cells, the present study treated NCl-H1650R cells with celecoxib. Sp1 was downregulated following celecoxib treatment, and this was associated with a corresponding downregulation of MMP-2, MMP-9 and Bcl-2 ([Fig. 4A](#f4-ol-0-0-9035){ref-type="fig"}). As c-Jun N-terminal kinase (JNK) has been demonstrated to increase Sp1 protein stability, the inhibition of JNK may decrease E-Ras-induced Sp1 phosphorylation, and therefore decrease the protein stability of Sp1 ([@b34-ol-0-0-9035]). The present study hypothesized that the JNK signaling pathway mediated the celecoxib-induced downregulation of Sp1. The present study detected the activation of JNK in radiation resistant NC1-H1650R cells and their parental NC1-H1650 cells. NCL-H1650 cells and NCL-H1650R cells were exposed to 8 Gy60Co radiation and then cultured for 24 h. As presented in [Fig. 4B](#f4-ol-0-0-9035){ref-type="fig"}, there was no change in the level of JNK phosphorylation, although Sp1 was overexpressed in NCl-H1650R cells compared with their parental cells. However, inhibition of the phosphorylation of JNK by the JNK inhibitor, SP600125, downregulated Sp1 in NCl-H1650R cells ([Fig. 4C](#f4-ol-0-0-9035){ref-type="fig"}). Celecoxib was revealed to inhibit JNK phosphorylation, whereas the activation of JNK by anisomycin (that induced JNK phosphorylation by activating mitogen-activated protein kinase kinase) was able to reverse celecoxib-induced inhibition of JNK phosphorylation, Sp1 downregulation and the corresponding changes of MMP-2, MMP-9 and Bcl-2 ([Fig. 4D](#f4-ol-0-0-9035){ref-type="fig"}). These results indicated that JNK was involved in celecoxib-induced Sp1 downregulation, radiation sensitivity, inhibition of cell migration and invasion.

As a transcription factor, the transcription activity of Sp1 depends on its DNA binding ability, thus the present study performed a ChIP assay on NCl-H1650R cells using primers to amplify the region in the MMP-2 promoter containing the Sp1 binding site, in order to determine whether celecoxib treatment altered Sp1 binding to the MMP-2 promoter. As presented in [Fig. 4E](#f4-ol-0-0-9035){ref-type="fig"}, specific DNA fragment was amplified from the chromatin pulled down by the anti-Sp1 antibody (but not by the anti-IgG antibody) and this pulled-down fragment was decreased following celecoxib treatment. These results indicated that the COX-2 selective inhibitor inhibited Sp1 DNA-binding activity.

Discussion
==========

The present study demonstrated that the COX-2 selective inhibitor, celecoxib, induced cell apoptosis and the inhibition of cell migration and invasion via the JNK/Sp1 signaling pathway. The results of the present study provide novel evidence that radiation-resistant cells may contribute to local or metastatic recurrence, and that celecoxib maybe used to enhance the radiation sensitivity of cancer cells and inhibit cell migration and invasion.

Radiation-resistant cancer cells are more capable of surviving radiation and have a high potential for proliferation, migration and invasion. Radiation is an effective treatment for cancer; however, local or metastatic recurrences remain common outcomes ([@b13-ol-0-0-9035]). Therefore, radiation resistance and radiation-induced migration and invasion have attracted increasing attention ([@b14-ol-0-0-9035]--[@b16-ol-0-0-9035],[@b35-ol-0-0-9035]). The present study established one radiation-resistant lung cancer cell line from NCl-H1650 cells. Notably, a subpopulation of radiation-resistant cells already exists in a number of cell lines, including the MCF-7/C6 breast cancer cell line ([@b36-ol-0-0-9035]) and the nasopharyngeal carcinoma CNE-2 cell line ([@b37-ol-0-0-9035]), and these radiation-resistant cancer cells are responsible for cancer recurrence following radiotherapy, including local or metastatic recurrence. The present study revealed that these radiation-resistant cancer cells were not only resistant to radiation, but also exhibited increased cell migration and invasion compared with non-resistant cells, which may be the reason local or metastasis recurrences occur. As a result, these radiation-resistant cancer cells have become a target for decreasing local or metastatic cancer recurrence.

The overexpression of Sp1 was responsible for increased levels of radiation resistance, cell migration and invasion irradiation-resistant lung cancer cells. The results of the present study revealed that Sp1 was overexpressed in radiation-resistant cancer cells, with a corresponding upregulation of MMPs and Bcl-2. Knockdown of Sp1 inhibited cell proliferation, migration and invasion. These results were consistent with numerous previous studies that demonstrated that Sp1 promoted cell proliferation, migration and invasion by regulating MMPs and Bcl-2 ([@b38-ol-0-0-9035]--[@b40-ol-0-0-9035]). To the best of our knowledge, this is the first study to reveal that Sp1 is responsible for radiation resistance and increased cell migration and invasion in radiation-resistant lung cancer cells. Drugs that downregulate or inactivate Sp1 may be used to antagonize cancer radiation resistance and metastasis following radiation treatment.

Celecoxib was demonstrated to enhance radiation sensitivity and decrease cell migration and invasion, at least partially, by antagonizing the Sp1-induced upregulation of MMPs and Bcl-2. The present study observed that celecoxib may significantly induce radiation sensitivity and inhibit cell migration and invasion of the radiation-resistant lung cancer cells. The present study also observed that celecoxib significantly reduced Sp1 expression and correspondingly downregulated MMP-2, MMP-9 and Bcl-2. Considering that Sp1 serves a crucial function in cancer cell progression, the results of the present study suggested that decreased Sp1 expression levels induced by the COX-2 inhibitor may have contributed to the antagonism of radiation-resistance and cell migration and invasion in radiation-resistant lung cancer cells. In addition to other previously reported mechanisms ([@b41-ol-0-0-9035],[@b42-ol-0-0-9035]), the induction of radiation sensitivity maybe another important underlying mechanism of COX-2 inhibitors. A phase II clinical study has previously revealed that celecoxib is able to improve the radiotherapy outcome of patients with rectal cancer ([@b43-ol-0-0-9035]). Therefore, the results of the present study further supported the suggestion that COX-2 inhibitors may be promising enhancers of tumor radiotherapy.

Celecoxib downregulated Sp1 by inactivating the JNK signaling pathway. It has been reported that the activation of JNK may increase Sp1 stability ([@b44-ol-0-0-9035]). The present study observed that the inactivation of JNK may downregulate Sp1 and that the activation of JNK by anisomycin may antagonize celecoxib-induced Sp1 downregulation and the corresponding changes to MMP-9, MMP-2 and Bcl-2 expression levels. Of note, the present study did not observe higher activation of JNK in radiation resistant lung cancer cells compared with their parental cells. This may be because JNK was not responsible for the overexpression of Sp1 in radiation-resistant lung cancer cells, but the inactivation of JNK following treatment with the COX-2 inhibitor did contribute to the downregulation of Sp1, increased radiation sensitivity and the inhibition of cell migration and invasion.

Celecoxib treatment decreased Sp1 DNA-binding activity. The transcription activity of Sp1 depends on its DNA-binding ability to the promoters of target genes ([@b32-ol-0-0-9035],[@b38-ol-0-0-9035]). The present study demonstrated that celecoxib decreased Sp1 DNA-binding activity to the MMP-2 promoters, indicating that celecoxib downregulated MMP-2 by decreasing the binding activity of Sp1 to the MMP-2 promoters, and may act via the same mechanism for MMP-9 and Bcl-2. A number of factors may affect Sp1 DNA-binding activity, including CDKII ([@b24-ol-0-0-9035]) and CDKI ([@b25-ol-0-0-9035]); however, the determination of which factor is involved in the celecoxib-induced decrease of Sp1 DNA-binding activity requires further investigation.

In conclusion, the present study revealed that Sp1 was overexpressed in radiation-resistant lung cancer cells and that COX-2 inhibitors induced radiation sensitivity and decreased cell migration and invasion in radiation-resistant lung cancer cells via the inactivation of the JNK/Sp1 signaling pathway and a decrease in Sp1 DNA-binding activity. Based on these findings, COX-2 inhibitors may be used in combination with radiation therapy to enhance the radiation sensitivity of cancer cells and reduce cancer metastasis.
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![Radiation-resistant lung cancer cells demonstrate high levels of cell migration and invasion. (A) Photomicrographs of cells following the stated treatments. Apoptotic cells are shrunken and floating, indicated by the triangle. Scale bars: 50 µm. (B) Fluorescent photomicrographs of cells following the indicated treatments. Cells were stained with DAPI following various treatments and those with nuclear condensation (triangle) or fragmentation (arrows) are identified as apoptotic cells. The right panel presents the apoptotic rate of cells following various treatments. Scale bars: 20 µm. (C) Photomicrographs of Transwell migrated or invaded radiation resistant and non-resistant NCL-H1650 cells, as indicated. Cell count of migrated or invaded cells from 6--10 separated fields is presented on the right. Scale bars: 20 µm. The data are presented as the mean ± standard deviation. \*P\<0.05 vs. control or NCI-H1650 cells. NCI-H1650R, radiation resistant NCI-H1650 cells.](ol-16-03-3029-g00){#f1-ol-0-0-9035}

![Celecoxib-induced apoptosis and inhibition of cell migration and invasion in radiation-resistant lung cancer cells. (A) The left panel presents fluorescent photomicrographs of NCL-H1650R cells following the indicated treatments. The cells were stained with DAPI, and cells with nuclear condensation (triangle) or fragmentation (arrows) were identified as apoptotic cells. The right panel presents the apoptotic rate of cells following the treatments. Scale bars: 20 µm. (B) Photomicrographs of migrated or invaded NCL-H1650R cells following the indicated treatments, as assessed by Transwell assay. The cell count of migrated or invaded cells from six separated fields is presented on the right. The data are presented as the mean ± standard deviation. Scale bars: 20 µm. \*P\<0.05 vs. control. NCL-H1650R, radiation resistant NCI-H1650 cells.](ol-16-03-3029-g01){#f2-ol-0-0-9035}

![Sp1 was overexpressed in and responsible for radiation resistance and increased cell migration and invasion in radiation-resistant cancer cells. Protein expression levels of Sp1, MMP2, MMP9 and Bcl-2 were determined by western blotting in (A) NCL-H1650 and NCL-H1650R cells, and (B) NCL-H1650R cells transfected with control or Sp1 siRNA. β-actin served as an internal control. (C) The left panel presents fluorescent photomicrographs of NCL-H1650R cells. The cells were stained with DAPI following the indicated treatments and those cells with nuclear condensation (triangle) or fragmentation (arrows) were identified as apoptotic cells. Scale bars: 20 µm. The right panel presents the apoptotic rate of cells following various treatments. (D) Photomicrographs of migrated or invaded NCL-H1650R cells following the indicated treatments, as assessed by Transwell assay. The cell counts of migrated or invaded cells from 6--10 separate fields are presented on the right. The data are presented as the mean ± standard deviation. Scale bars: 20 µm. \*P\<0.05 vs. NCI-H1650 cells, scramble siRNA or control. Sp1, specificity protein 1; MMP, matrix metalloproteinase; Bcl-2, B cell lymphoma-2; NCL-H1650R, radiation resistant NCI-H1650 cells; siRNA, short interfering RNA.](ol-16-03-3029-g02){#f3-ol-0-0-9035}

![Celecoxib inhibited the expression and DNA-binding of Sp1. (A) Protein expression levels of Sp1, MMP2, MMP9 and Bcl-2 were determined by western blotting following celecoxib treatment. β-actin served as an internal control. Protein expression levels of t-JNK, p-JNK and Sp1 in (B) NCL-H1650 and NCL-H1650R cells and (C) NCL-H1650R cells treated with SP600125 or vehicle. \*P\<0.05 vs. vehicle group. (D) Protein expression levels of t-JNK, p-JNK, Sp1, MMP2, MMP9 and Bcl-2 following treatment with celecoxib and/or anisomycin. \*P\<0.05 vs. vehicle group. (E) Chromatin immunoprecipitation assays were performed in NCL-H1650R cells with anti-Sp1 or anti-IgG antibodies, using primers to amplify the region of the MMP-2 promoter containing the Sp1-binding site. Sp1, specificity protein 1; MMP, matrix metalloproteinase; Bcl-2, B cell lymphoma-2; JNK, c-Jun N-terminal kinase; t, total; p, phosphorylated; NCL-H1650R, radiation resistant NCI-H1650 cells.](ol-16-03-3029-g03){#f4-ol-0-0-9035}
